Abstract. Endocrine-disrupting chemicals with estrogenic activity (e.g., alkylphenols) have been detected in coastal Japan. We aimed to determine estrogenic activity in extracts of river water, seawater, sediments, and sediment cores from Tokyo Bay by in vitro gene expression assay. Fifty-one of 57 extracts had some estrogenic activity. E 2 equivalents (ng E 2 equivalents per gram dry weight or per liter above the limit of detection) in river water samples ranged from 0.70 to 4.01 ng/ L; in seawater samples from 0.34 to 2.52 ng/L; and in surface sediments from 2.07 to 12
Abstract. Endocrine-disrupting chemicals with estrogenic activity (e.g., alkylphenols) have been detected in coastal Japan. We aimed to determine estrogenic activity in extracts of river water, seawater, sediments, and sediment cores from Tokyo Bay by in vitro gene expression assay. Fifty-one of 57 extracts had some estrogenic activity. E 2 equivalents (ng E 2 equivalents per gram dry weight or per liter above the limit of detection) in river water samples ranged from 0.70 to 4.01 ng/ L; in seawater samples from 0.34 to 2.52 ng/L; and in surface sediments from 2.07 to 12.1 ng/g. The relationship between salinity and estrogenic activity in water samples suggested that fresh water is one source of environmental estrogens in Tokyo Bay. Fractionation of sediment extracts showed that the highest estrogenic activity was observed in the midpolar fraction. The observed activities were compared with activities mediated by known concentrations of nonylphenol, bisphenol-A, estrone, and 17b-estradiol. In sediment collected near the sewage treatment plants, the estrogenic activity of the midpolar fraction could be explained about 34% by nonylphenol and estrone contained in this fraction. Core sediment measurements detected estrogenic activity from as far back as the 1960s. The regulations on the industrial wastewater in early 1970s would be one of the main reasons for the lower estrogenic activity in the upper section of the sediment core. The high estrogenic activities as measured in water and sediment samples from Tokyo might be restricted to certain coastal areas.
There has been considerable concern about endocrine-disrupting chemicals (EDCs) detected in the environment and their potential to cause deleterious physiological effects in humans and wildlife (Jobling and Sumpter 1993) . Endocrine disruption has a multitude of mechanisms and actions, including effects on growth, behavior, reproduction, and immune function. EDCs are found in the aquatic environment, especially in discharges from sewage treatment plants. For example, alkylphenols such as nonylphenol are known to exert estrogenic activity in aquatic organisms (Gray and Metcalfe 1997; Staples et al. 1998) , and are present in effluents from sewage treatment plants and also in river water, sediments, and fish tissue (Yamagishi et al. 1997; Lye et al. 1999) .
The appearance of intersex fish in the aquatic environment, especially in wastewater effluents, has led to the hypothesis that substances in sewage effluent might be estrogenic to fish. Estrogens induce vitellogenin, a precursor protein for egg yolk that has been used as a sensitive biomarker for studies of xenoestrogens in aquatic environments (Harries et al. 1997; Allen et al. 1999a Allen et al. , 1999b Minier et al. 2000; Simpson et al. 2000; Oberdçrster and Cheek 2001; van Aerle et al. 2001) . We previously found vitellogenin induction and intersex gonads, two bioindicators of the effects of environmental estrogens, in male flounder, Pleuronectes yokohamae, collected from Tokyo Bay, Japan (Hashimoto et al. 1998b . Intersex characteristics, such as the presence of perinucleolar oocytes, have also been found in male konoshiro gizzard shad (Konosirus punctatus) collected from inner Tokyo Bay (Cho et al. 2003) . Contamination of the waters of Tokyo Bay by environmental estrogens may cause vitellogenin induction and the development of intersex gonads in local male fish.
Several assays have been developed to assess environmental samples for estrogenic activity mediated by estrogen receptors. In recent years, estrogenic activity in wastewater (Kçrner et al. 2001; Kirk et al. 2002) , river water (Fenet et al. 2003) , seawater (Koh et al. 2002) , and sediment (Kannan et al. 2000; Koh et al. 2002; Fenet et al. 2003) has been analyzed by in vitro bioassays. They demonstrate the total estrogenic activity of environmental samples, regardless of which compounds are responsible for the activity. The results of these studies indicate that estrogenic activity varies widely among sampling sites (Koh et al. 2002) .
Our objective was to assess the distribution and sources of estrogenic activity in the area where we had collected feminized male Pleuronectes yokohamae (Hashimoto et al. 1998b and Konosirus punctatus (Cho et al. 2003) . We collected samples from river water, seawater, surface sediments, and sediment cores at 57 study sites in the inner part of Tokyo Bay. We report the results of analyses of estrogenic activity in extracts of these samples. The analyses used an in vitro gene expression assay using an estrogen-responsive reporter gene cell line. In addition, the sediment extracts were fractionated on a silica column, and the estrogenic activity of each fraction was analyzed in the in vitro assay. The concentrations of nonylphenol, bisphenol-A, estrone, and 17b-estradiol of each fraction were also measured.
Materials and Methods

Sampling and Extraction
Water and surface sediment samples were collected from 57 points in inner Tokyo Bay (57 water samples and 25 surface sediment samples, from June to July 1998, Figure 1) .
The sampling points are as follows: Tsurumi River, stations 1, 2; Tamagawa River, stations 4-7; Sumida River, stations [10] [11] [12] 15; Arakawa River, stations 16, 17; Edogawa River, 24; Yoro River, stations 25, 26; Obitsu River, near estuary, stations 3, 8, 9, 13, 14, 18, 23, [32] [33] [34] 36, 53 Water samples were collected at about 50-cm depth and extracted as previously described (Snyder et al. 1999) . The extraction procedure was conducted within 24 h to minimize bacterial degradation of samples. Briefly, each water sample was filtered and extracted by using a poly(styrenedivinylbenzene) Empore Disk (3M Corporation, Tokyo, Japan). First, the Empore Disk was conditioned with 15 ml of dichloromethane and methanol. The 5-L water sample was then pumped through the disk, and the analyte was extracted with 30 ml of dichloromethane. The solvent extract was passed through a cleanup column containing 1 g of anhydrous sodium sulfate. The elute was collected and concentrated to about 5 ml in a rotary evaporator. The sample was solvent-exchanged to 0.1 ml of isooctane under a gentle stream of nitrogen. Samples were stored in precleaned glass bottles at -40°C until analysis.
Sediment core was collected in January 1999 at station 39 in Tokyo Bay ( Figure 1 ) in an acrylic tube (120 cm long · 11 cm i.d.). Core sample was sliced at 2-cm intervals for up to 52 cm with a clean stainless steel slicer. Each section was freeze-dried and stored at -40°C until analysis. The sediment core was dated by measuring 210 Pb and 137 Cs (Sanada et al. 1999) . Total organic carbon (TOC) was measured by the high-temperature combustion method using Shimadzu TOC-5000 (Shimadzu Co. Ltd., Tokyo, Japan), as described previously (King et al. 1998) .
Sampling and extraction of sediments were performed as described previously (Khim et al. 1999) . Briefly, each surface sediment sample was collected with a grab sampler (Ekman-Birge-type bottom sampler) and homogenized in a precleaned stainless steel container. The sample was freeze-dried and stored in a precleaned glass bottle at -40°C until analysis. Five grams of dry surface sediment and sediment core samples were extracted twice (30 min and 30 min) by ultrasonic extraction with 30 ml of dichloromethane. The solvent extracts were combined and passed through the glass column containing 1 g of anhydrous sodium sulfate. The elute was collected and concentrated to about 5 ml in a rotary evaporator. The sample was solvent-exchanged to 0.1 ml of isooctane under a gentle stream of nitrogen. Samples were stored in precleaned glass bottles at -40°C until further fractionation.
HPLC Fractionation
For fractionation, a Phenomenex Luna 5-lm silica column (250 mm · 4.6 mm, Torrance, CA, USA) was used for normal-phase sepa- rations with three-step isocratic elution, as described before (Snyder et al. 1999) . The mobile-phase solvent profile was 30% dichloromethane in hexane for 15 min, dichloromethane for 20 min, and methanol for 20 min at 25°C. The flow rate was 1 ml/min, with no gradient curves. Dichloromethane was then passed into the column for 10 min, followed by 30% dichloromethane in hexane for 35 min. Three fractions were collected, from 0 to 20 min (F1), 20 to 45 min (F2), and 45 to 70 min (F3). Each fraction was concentrated in a rotary evaporator under a nitrogen stream for further assays. To determine recovery during high-performance liquid chromatography (HPLC) fractionation, known amounts (50 ng) of nonylphenol, bisphenol A, estrone, and 17b-estradiol were fractionated by HPLC, and the amounts of the recovered compounds were determined.
Chemical Analysis
We measured the concentrations of nonylphenol, bisphenol-A, estrone, and 17b-estradiol in HPLC fractions in water and sediment samples (Desbrow et al. 1998; Tsuda et al. 2000) . Standards were purchased from Wako Chemical Co. Inc. (Tokyo, Japan) and Kanto Chemical Co. Inc. (Tokyo, Japan). Pesticide-residue-grade solvents and chemicals were obtained from Wako Chemical Co. The extracted sample was concentrated to 0.1 ml of isooctane under a gentle stream of nitrogen. Analysis was performed by gas chromatography (GC: HP 5890 series II, Agilent Technologies, Inc., Tokyo, Japan)-mass spectrometry (MS: HP 5971 MSD, Agilent Technologies, Inc., Tokyo, Japan) using selected ion monitoring. The conditions were as follows: splitless injection mode, injector temperature 250°C; column DB-5MS, 30 m, 0.25-mm i.d., 0.25-lm film thickness (J. & W. Scientific, Folsom, CA, USA), carrier gas, helium at a flow rate of 1 ml/min. The GC oven temperature was programmed with a starting temperature of 50°C for 2 min, followed by a 10°C/min temperature slope to a final temperature of 300°C, which was held for 10 min. Target compounds were identified by their retention times and ion ratios (Cho et al. 2003) .
Bioassay Using MVLN (MCF-7 ERE-Luc) Cells
Bioassay of the estrogenic activity of each sample using MVLN cells was done according to methods already described for measuring the estrogenic activity of sediment samples (Khim et al. 1999) . In brief, MVLN cells are MCF-7 human breast carcinoma cells stably transfected with a luciferase reporter gene under the control of estrogenresponsive elements of the Xenopus vitellogenin A2 gene. All cells were cultured in 100-mm disposable Petri plates (Corning, Corning, NY, USA) and incubated in a humidified 5% CO 2 atmosphere maintained at 37°C. MVLN cells (Demirpence et al. 1993) were grown in Dulbecco's Modified Eagle Medium with Hams F-12 nutrient mixture (Sigma D-2906, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA) and 27.3 I.U. insulin (Sigma I-1882)/L and 1.0 mM sodium pyruvate (Sigma). The cells were trypsinized from the plates, diluted to a concentration of about 75,000 cells/ml, and seeded into the 60 interior wells of 96-well-culture ViewPlates (Packard Instruments, Meriden, CT, USA) at 250 ll per well. The plates were incubated overnight. Prior to the exposure of the cells, samples were fivefold diluted in the culture medium. The wells were then dosed with 2.5 ll of the sample (test wells) or isooctane (control wells). All analyses were performed in triplicate. Luciferase assay was conducted after 72 h of exposure. Luciferase assay reagent containing a luciferin substrate was added to the wells. The plates were incubated for 10 min at 30°C and then scanned with a luminescence microplate counter (LumiCount, Packard Japan, Tokyo, Japan). On MVLN cells assay, 100% of transactivation is obtained by 10 nM of 17b-estradiol. The value of control, isooctane solution, was corresponding to the blank baseline. The magnitude of the luciferase bioassay response of the MCF-7-luc (MVLN) cells is presented as the 17b-estradiol standard (E 2 ) equivalent: for sediment samples, ng/g dry weight; for water samples, ng/L. Figure 2 shows the concentration response curves of nonylphenol, bisphenol-A, estrone, and 17b-estradiol. Differences in concentrations of each between station 8 and stations 39 and 57 were tested by oneway analysis of variance (ANOVA).
Differences in E 2 equivalent values of seawater samples from the west (Tokyo and Kanagawa Prefecture) and east (Chiba Prefecture) sides of the bay were also tested by one-way ANOVA. 
Results and Discussion
Estrogenic Activity of Water Samples
The distribution of estrogenic activity in the water samples is shown in Figure 3 . Most of the extracts (51 out of 57) had some estrogenic activity (water samples collected at stations 41, 42, 48, 51, 56, and 57 did not have estrogenic activity). Estrogenic activity was detected in all seven main rivers flowing into Tokyo Bay. E 2 equivalents (above the limit of detection) in river water samples ranged from 0.70 to 4.01 ng/L and in seawater samples from 0.34 to 2.52 ng/L. Relatively high estrogenic activity was observed in samples colleted at the sewage treatment works outflow (station 8). The estrogenic activity of river water samples collected on the Chiba Prefecture side of Tokyo Bay (<1.76 ng/L, Yoro and Obitsu rivers; Figure 3 ) was lower than that of the river water collected on the Tokyo and Kanagawa Prefecture sides of the Bay (about 1.48-4.01 ng/L in the crowded Edogawa, Arakawa, Sumida, and Tamagawa river areas; Figure 3 ). Low estrogenic activities were observed at some stations with little input of sewage water (stations 52-55; Hashimoto et al. 1998a) . The E 2 equivalents of seawater samples were higher on the Tokyo and Kanagawa Prefecture side of the Bay than on the Chiba Prefecture side (p < 0.05, ANOVA, Figure 3 ). Using the dose-response curves of nonylphenol, bisphenol-A, estrone, and 17b-estradiol determined on the MVLN cell lines, the observed activities were compared with activities mediated by known concentrations of nonylphenol, bisphenol-A, estrone, and 17b-estradiol in the samples. According to these comparisons, the natural hormones, estrone and 17b-estradiol, contained in the water samples at stations 7 and 8 (see ''Chemical Analysis'' below) caused the most (about 78%) of the marked estrogenic response of these samples (Figure 3 ). This is in agreement with the previous report suggesting that estrogenic activity would mainly be due to steroid hormones in effluent samples of sewage treatment plants (Desbrow et al. 1998) . The relationship between salinity and the E 2 equivalents of water samples is weakly negative (Figure 4) . These results may indicate that one of the sources of the environmental estrogens in Tokyo Bay is fresh water, such as river and canal water containing outflows from sewage treatment plants.
Estrogenic Activity of Sediment Samples
The E 2 equivalent values in the sediment samples are shown in Table 1 . All the extracts (25 out of 25) had some estrogenic activity. E 2 equivalents of surface sediments ranged from 2.07 to 12.1 ng/g. E 2 equivalents of sediment samples were relatively high on the Tokyo and Kanagawa Prefecture side of inner Tokyo Bay (Table 1 ). The highest activity was observed at station 8, at the discharge site of a sewage treatment plant. In combination with the results of the water samples, it can be concluded that the serious problems of estrogenic activity in the aquatic environment of Tokyo Bay might be restricted to certain coastal areas. Hashimoto et al. (1998b Hashimoto et al. ( , 2000 reported that three out of 20 male flounder collected off Haneda (near station 31 in Figure 1 ) had signs of feminization, such as occurrence of oocytes in the testes. Intersex characteristics, such as the presence of perinucleolar oocytes, were also found in three out of 125 male konoshiro gizzard shads (Konosirus punctatus) collected off Haneda (Cho et al. 2003) . This sexual disruption in fish collected from Tokyo Bay appears to be also restricted to some areas since no abnormal males collected on the outer sides of the Bay were found (off Futtsu; Cho et al. 2003) .
A linear regression procedure was used to calculate the correlations between TOC and estrogenic activity of the sediment samples from Tokyo Bay. The relationship between TOC and estrogenic activity of the sediment samples is weakly positive (r = 0.645). This may mean that most of the EDCs are adsorbed to organic compounds in the sediment. For example, both nonylphenol and octylphenol are hydrophobic, and the bulk of these compounds have a tendency to be attached to particles and sediments containing higher TOC (Fenet et al. 2003) . In this study, the sediments collected from inner Tokyo Bay having high TOC (around 2.5%) probably have a high potential for EDCs (e.g., nonylphenol) accumulation.
The results of the bioassay measurements of the estrogenic activity using MVLN cells to the fractionated extracts of surface sediment samples from Tokyo Bay are shown in Table 1. Fractionation of sediment extracts showed that the estrogenic activity was mainly present in F2, the midpolar fraction (Table 1) . In this fraction, nonylphenol and estrone were detected. In sediment collected at the discharge site of the sewage treatment plant (station 8), the observed estrogenic activity of F2 could be explained about 34% by the nonylphenol and estrone detected in F2 (see ''Chemical Analysis'' below), but these compounds poorly contribute to the observed estrogenic activity of F2 at stations 39 and 57 by the calculated activities based on chemical analysis (see ''Chemical Analysis'' below). In fraction 3, 17b-estradiol and bisphenol-A were detected. The concentration of 17b-estradiol would be responsible for the major (about 90%) estrogenic response of F3 of the sediment extract at station 8 (see ''Chemical Analysis'' below). On the contrary, at stations 39 and 57, the 17b-estradiol contributed poorly to the activity of F3 in these sites (see ''Chemical Analysis'' below). The bisphenol-A contributed poorly to the activity of F3 in all sites (see ''Chemical Analysis'' below). These results suggest the presence of other estrogenic compounds in these samples. There were comparable findings in a study in the Netherlands in which 80% of estrogenic activity in effluent could not be explained by the calculated potencies based on chemical analysis of a number of known (xeno)estrogens (Murk et al. 2002 ). An estimated 4.7 km 3 of industrial and domestic sewage effluent is carried into Tokyo Bay annually (Hashimoto et al. 1999) . These effluents no doubt contain large amounts of anthropogenic chemicals with the potential to cause endocrine disruption, especially where the rate of water exchange is low, such as in the inner part of Tokyo Bay. In this study, the results of bioassay of the fractionated extracts suggest that compounds responsible for the estrogenic activity exist other than nonylphenol, estrone, 17b-estradiol, and bisphenol-A in sediment samples. a 50 ng each compound was added to 5 L of seawater sample or 5 g of dry sediment sample. b A signal-to-noise ratio of 3:1 was defined as the detection limit. 
Chemical Analysis
The efficiency of extraction of nonylphenol, bisphenol-A, estrone, and 17b-estradiol in the water and sediment samples is shown in Table 2 . All analyses were run in triplicate. We performed a spiking experiment with seawater collected at station 7 and sediment collected at station 39 using standard dissolved in acetone. Background levels of analyzed compounds in the samples were subtracted in calculating the recoveries. No significant losses occurred during fractionation. Fraction 2 contained estrone and nonylphenol and fraction 3 contained bisphenol A and 17b-estradiol. The limits of detection for each compound are shown in Table 2 . Table 3 shows the results of chemical analysis of water and surface sediment samples, as measured by GC-MS. Station 8 was situated at the discharge gate of a sewage treatment plant; much higher concentrations of nonylphenol, bisphenol-A, estrone, and 17b-estradiol were found in the sediment collected from this station than in those from stations 39 and 57 (P < 0.01, one-way ANOVA, Table 3 ). Station 7 was situated about 200 m downstream from the discharge gate of a sewage treatment plant; water sampling also showed higher concentrations of EDCs at station 8 than those at station 7. In this study, the concentrations of nonylphenol in water and sediment at station 8 were comparable with concentrations found in the Seine watershed up to 550 ng/L and 2870 ng/g, respectively (Fenet et al. 2003) . The concentrations of estrone in water were also (Figure 6 ). In another study of vertical profiles of sediment cores from Tokyo Bay, the highest observed concentrations of nonylphenol and octylphenol were those in the parts of the cores dating between 1970 and 1975 (station 45, Isobe et al. 2001 . Our profile of estrogenic activity in the sediment core was consistent with these results. Contaminants with high K ow values have maximum diffusion rates of 1 mm per month in sediments, and the less hydrophobic compounds such as nonylphenol have lower K ow values and so are more likely to be mobilized by pore water and be distributed through the core (Daniels et al. 2000) . Thus, hydrophobic and less hydrophobic compounds would be transported in sediment via different transport mechanisms. Endocrine-disrupting chemicals are generally not persistent, and their degradation rates are affected by factors such as the redox status of sediment. Thus, interpretation of sediment core data needs the sedimentation conditions as well. In view of the current high levels of concern with environmental xenoestrogen hazards, the signs of decrease in estrogenic activity in the upper section of the sediment core (above 26-28 cm) are very encouraging findings (Figure 6 ). Regulations on industrial wastewater in the early 1970s would be one of the reasons for the lower estrogenic activity in the upper section of the sediment core collected from Tokyo Bay (Isobe et al. 2001) .
The horizontal distributions of estrogenic activity in water and sediment samples obtained in this study suggest that the inner part of Tokyo Bay is characterized by high estrogenic activities on the Tokyo and Kanagawa Prefecture sides compared to those on the Chiba Prefecture side. The vertical distribution of estrogenic activity in core sediment shows that the lower estrogenic activities were detected in the upper section of the sediment core. These findings suggest that the problems of environmental estrogens in Tokyo Bay might be restricted to certain coastal areas and the activity in the Bay would show a tendency to decrease in the last 20 years. Nevertheless, more comprehensible studies must be conducted to corroborate these findings. In view of the toxicity in the aquatic environment, further investigations of environmental estrogens are needed to determine the toxic effects in enclosed waters on aquatic organisms such as fish living in Tokyo Bay, Japan. 
